The gradual fossil fuel depletion, the exponential increase in load, the environmental, social and political concern has lead to the gradual sprawl of distributed energy resources in the form of microgrid. But disproportionate integration of DERs into the conventional power system may result in the anomalous system behavior causing violation of operational limits i.e., under and overvoltage, thermal overloading, line losses, transformer or feeder overloading, harmonic distortion breaching the standards, mal-operation of the protective devices etc. The key to mitigate these violations is appropriate hosting capacity assessment. This paper proposes the concept of customary hosting capacity and enhanced hosting capacity at all nodes in a network with low voltage level, high voltage level, ampacity and total harmonic distortion as the governing criteria. The analysis is tested on reconfigured IEEE 33 bus distribution system, whose reconfiguration is achieved by particle swarm optimization, keeping loss minimization as the objective function. The attainment of enhanced hosting capacity is significant since it may lead to considerable improvement of voltage in the network, maintaining the line current values very low. The experimentation on reconfigured and base configuration of IEEE 33 bus distribution system is performed in MATLAB and validated in hardware in loop. The results are also compared with existing literature to prove its efficacy.
I. INTRODUCTION
The increase in global energy demand, the fast depletion of fossil fuel and emission associated with it is the driving force for the addition of the renewable sources to the traditional grid. This increased penetration of the non-conventional sources of energy into the grid is changing the dynamics of the existing power system. Techno-environmental concern added impetus to the foundation of integration of distributed generation (DG) to the existing grid [1] , [2] . Worldwide governments are encouraging the installation and generation of distributed energy [3] , [4] . Notably, the addition of distributed energy resources (DERs) can put the grid at risk of delivering less reliable power and the operational quantities of the grid may exceed their predefined limits. To determine the maximum permissible limit of DERs integration into the grid, hosting capacity (HC) estimation is the paramount. Since the The associate editor coordinating the review of this manuscript and approving it for publication was B. Chitti Babu . amount of distributed energy integration has a crucial role in operational performance, power quality, and reliability of the power system, the unplanned integration of the DERs could cause a detrimental effect on the operational parameters and the connected loads.
II. CONCEPT OF HOSTING CAPACITY
The integration of the DERs to the existing grid without adversely affecting the operational parameters, such as voltage profile, ampacity, power quality, and reliability, is called the HC of the network. Beyond HC, the state variables of the power system do not obey the predefined standard of the utility [5] . Different types of DERs are integrated into the microgrid to enhance the HC of the microgrid. These distributed sources are solar photovoltaic (SPV), wind energy conversion system (WECS), small hydropower plant and biofuel power plants, etc.
From the viewpoint of utilities, HC of the network can be divided into two types namely managed HC and unmanaged HC. Across the globe, some utilities strictly manage the upcoming energy sources in the distribution side. Preference is given to the managed HC due to the upper hand of utilities to manage all the DERs because they are connected with the utility control center. The DERs which are connected to the distribution side, if not centrally controlled by the utility can adversely affect the power system in many aspects. On the contrary, the managed HC can be used to reduce risk like reducing the peak demand. Furthermore, the managed HC adjourns the expensive grid up-gradation requirement, resulting in massive revenue gain. In Figure 1 , the managed and unmanaged DERs are clearly shown. The DERs which are connected to the utility control room can be controlled remotely to avoid any power system parameter violation, unlike the DERs which are connected to the utility without sharing their control to the utility control room. 
III. MOTIVATION
Filling the void between the demand and power generation with reliable and quality power is the utmost priority of the twenty-first century. Due to the ever-increasing demand for electricity in day to day life, the base load is increasing exponentially. The revenue associated with power consumption is another concern in the present time. To address the gap between demand and generation, DER integration is the fundamental solution. In this context, the analysis for HC improvement is imperative.
IV. RELATED WORK
In a distribution system, a variety of onsite DERs, namely wind, solar, fossil fuel-fired generators and battery storage are present to provide reliable power. Although the addition of these DERs minimize the dependency on the grid and improves resiliency, but various parameters such as voltage profile, the ampacity of the conductor and harmonics can be adversely affected. B. Palminter et al. in [6] presented a detailed study on the energy market as well as on some of the technical aspects in US in the year 2011 to 2015. Some of the assumptions such as smart inverter voltage control is considered, which may not be possible for all the nodes in the distribution system.The growth in DER integration can be easily inferred from this literature. D. Schwanz et al. in [7] , [8] detailed the voltage unbalance effect due to the single-phase PV inverter in Sweden. Further, a German network is studied for the single-phase voltage imbalance and it is suggested that the single-phase PV DER size should be minimum. A 6 kW photovoltaic system is taken for the random integration at the various nodes but it may not be applied to all the nodes in any other distribution system because of the different HC limit at different nodes. S. K. Sharma et al. in [9] discussed reduction technique for voltage flicker due to high penetration of DER but here the DER taken is WECS which has high geographical dependency. N. Mithulananthanet al. in [10] showcased only the THD effect on an IEEE-13 bus distribution system due to the high penetration of the SPV but other power system parameters such as voltage magnitude and ampacity are not being considered. H. Sharma et al. analyzed harmonics in [11] and also estimated a future harmonic content in the networks with statistically projected values in a high penetrated harmonics condition. S. Sakar et al. in [12] discussed HC in the non-sinusoidal environment with the help of a single tuned filter.This single tuned filter's behavior may change when the load side parameter will change, hence it can create disturbance in the microgrid. J. Seuss et al. in [13] implemented reactive power control in the inverter to enhance the HC, and a localized Volt-VAR control is used. In this context, the inverter margin capacity is taken as 20% which may not be feasible for higher ratings. The HC can be increased by real-time information collection, and its process is discussed by N. Etherden et al. in [14] but the author did not explain on the reliability aspect of the communication system which may cause variable issues in the grid. HC enhancement is done in [15] by O. C. Rascon et al. by taking 50% of the active power generation as limit, along with it reactive power is also controlled by controlling the active power. The stability of this strategy depends on various control parameters so the effectiveness of this will vary with change in network type. In [16] J. Liu et al. proposed an optimization-based hosting analysis and the topology changes with change in load value at a different time of the day. The effectiveness of this mentioned work may dilute with the implementation of another load curve. In [17] M. Alturki et al. improved HC by taking some specific nodes in the network but this may affect the customer connected to a node where DER integration facility is not available. In [18] although the author enlightens about the increased customary hosting capacity (CHC) at all nodes in a network but the power quality considerations are not taken into account. As per the literature survey carried out by the authors it is observed that hardware in loop assessment for hosting capacity is scarce. VOLUME 8, 2020 
V. CONTRIBUTIONS
The major contributions of this paper are as follows:
• Enhanced hosting capacity (EHC) by additional PVDG penetration at all nodes on a reconfigured network is proposed.
• To obtain EHC, high voltage level (HVL), low voltage level (LVL), ampacity violation and THD are considered as major constraints.
• Through this method, the node voltage profile is considerably improved by maintaining the line current values very low.
• The analysis is tested on the IEEE-33 bus distribution system using MATLAB and is validated using hardware in loop (Typhoon HIL).
• The results are also compared with the existing literature to justify its efficacy.
VI. CUSTOMARY HOSTING CAPACITY ASSESSMENT
The rapid modernization of the world is posing a challenge to mitigate the ever-increasing demand for energy. To bridge the gap enormous investment in the DERs is now being done. The network HC is the vital information to be required by the utility or the individual DG owners as it determines the maximum permissible amount of power that can be handled without hampering the power system states. These power system indices may be voltage limit, thermal limit, transformer rating, etc., [19] - [21] . The amount of injection at a specific bus in a network based on network parameters is termed as customary hosting capacity. Based on the voltage limit, the HC can be represented as in Figure 2 . At normal condition without any reconfiguration the HC of the system is HC N . The performance of the power system becomes uncontrolled above the acceptable voltage limit as in Figure 2 . For calculation of the CHC at a given bus Kirchhoff's voltage law (KVL) can be applied to find out the maximum CHC. In Figure 3 , loads and DGs are connected to the local grid at the point of common coupling (PCC). At PCC the network equivalent resistance and reactance are represented by R G and X G respectively. The voltage at grid is considered to U grid 0 • , with the assumption that Cosδ = 1. From Figure 3 the grid matrix can be written as in (1) , as shown at the bottom of this page.
On solving the equation for a particular distribution system with DER, power injection can be calculated as in (2) . As per (2), only real power is taken into consideration to enhance the CHC.
. .
The power injection is calculated according to (2) at each node. Here all the matrix operations are considered to be element-wise. To calculate the power injection steady-state calculation is performed. In this context direct load flow (DLF) method is applied. In the distribution system, both angle and the change in voltage magnitude have a significant effect on the active as well as the reactive power [21] . This non-decoupling effect will not allow the Jacobian matrix to be diagonally dominated so a specific program i.e. direct load flow method (DLF), which is not only very fast in convergence but is also quite accurate for the distribution. Another significant advantage of this procedure is that it can handle a huge number of branches and very short lines [22] .
In the DLF method, the following steps are followed to calculate the voltage profile. These steps involve the formulation of the current and voltage matrices.
Step 1: Considering all the downstream loads, which contributes to the branch current, 'B' matrix is formed as in equation (3).
B matrix consists of all the branch currents of the network, from 1 to N .
Step 2: Further to calculate the voltage difference between the reference node and n th node, in this step node connections and branch impedances are considered as in equation (4).
U consists of voltage differences of all the buses from the reference bus. On substituting (3) in (4), (5) is achieved i.e,
where,
Step 3: To calculate the current at each node, node voltage along with the load data are used as in equation (6).
I k i is the current at the node 'i' due to the load (P i + jQ i ), for k th iteration.
V k i = Voltage at the i th node for k th iteration.
Step 4: In this step, the voltage is calculated for the next step as in equation (8), if convergence criteria for voltage is not satisfied.
After each iteration voltage is calculated and this voltage is subtracted from the previously calculated voltage. This difference in voltage is called voltage error, which should be less than ε to converge the voltage.
VII. ENHANCED HOSTING CAPACITY ASSESSMENT
The hosting capacity can be enhanced above CHC to effectively use the existing network to its optimum level. This is termed as enhanced hosting capacity (EHC). For EHC two steps are followed firstly enhancement of CHC by network restructuring and secondly additional PVDG injection with a specific objective function to satisfy certain constraints.
A. ENHANCEMENT OF CHC BY NETWORK RESTRUCTURING
To increase CHC of the network, restructuring is done by taking loss minimization as an objective function. Distribution power losses in the power system are the power which does not give revenue to the utility. The supplier charges the utilities based on the amount of energy they are supplying. The losses are the difference between units entering and leaving the network. Anything that causes this difference may lead to a magnified effect on the loss of system stability and revenue. The losses in the system may vary in different geographical location varying from 25% to as minimum as 5 % [23] , [24] .
Network restructuring can reduce the losses of the system. Different methods are available for network restructuring with loss minimization as constraints [25] , [26] . Particle swarm optimization (PSO) is proven to be the best-suited method for this problem since it can handle the uncertainties related to the rapid parameter changes of the distribution system. PSO is easy to implement and has a limited number of parameters to fine-tune. Due to limited numbers of parameters, it is well suited for the distribution side optimization estimation [27] .
The objective function for the restructuring of the distribution network is the minimization of the loss as in (9) .
Which is subjected to: i. Voltage limit of the bus:
where U L = 0.9 P. U and U U = 1 P.U ii. Ampacity of the network:
iii. Radial topology should be maintained for the distribution system i.e. any closed loop formation should be avoided by operating the switches in the network. Which can be verified from:
where, P is the bus incidence matrix Following are the steps for the implementation of the PSO in the network which starts with the initialization of the swarm, which is stated as follows:
Step 1: 1. Initialization of the PSO: Each particle (i) contains a defined number of tie switches that range from SW 1 to SW i 2. Every switch in the loop has an index (S i ) which responsible for the control of the position of the particle. 3. The local best fitness function is L besti in which the loss is minimum for a particular particle and configuration. 4. U besti corresponds to the configuration in a single iteration which has a minimum loss for all the particles.
Step 2:
Various swarm parameters such as swarm size (S Z ), the acceleration constant and the weighting factor of the swam are entered for the system calculation.
1. Considering the loss of the system which is expressed in (9) along with the network constraints in (10) and (11), the loss for various configuration of the network should be checked and the loss which has a value less than the initial loss can be termed as L besti 2. The minimum from the above is set as U besti . 3. The velocity and position of each particle in a swarm is calculated using (12) and (13) .
where g is the iteration number. w is the decreasing function which is calculated using (14) . C 1 is cognitive and C 2 is the social parameter whose value is 2. rand 1 and rand 2 range is [0,1]. w max and w min is 0.9 and 0.4 respectively. 4. Set iter = iter + 1. 5. Fitness function of the entire particle under consideration is calculated using (9) considering the two constraints which are mentioned in (10) and (11). 6. Continuously U best and L best are updated. 7. Finally, point 5 to 7 are repeated until the concluding criterion is achieved, that is converges to a minium value. Based on these steps network restructuring can be done. To further enhance the HC of the network additional PVDG injection is proposed in the next section. 
B. ENHANCEMENT OF HC BY ADDITIONAL PVDG PENETRATION
To achieve a significant amount of HC on the reconfigured network, additional DG penetration is done. The amount of injection in each step is dependent on the target accuracy and the total expected load of the network. Each step is considered as 0.5 kW. Maximization is done for (15) subjected to the following constraints:
Subject to constraints :
iii. I Branch < Ampacity of Conductor (18) iv. THD according to IEEE-519 (19) To achieve the maximum PVDG penetration according to (15) , (16) to (19) are taken as constraints.
For the evaluation of the voltage range, again DLF is performed to check the voltage as per (16) & (17) . For the THD constraints, according to IEEE Std 519, harmonic values are calculated over 3-second interval which is based on aggregation of 15 consecutive 12 cycle window of 60 Hz power system. The analysis of modified voltage range for EHC is represented as in Figure 4 .
The entire analysis for EHC is represented in flow chart as in Figure 5 .
VIII. RESULTS AND DISCUSSION
For the claimed HC analysis and improvement, the IEEE-33 bus system is considered. Firstly base configuration with CHC i.e., HC rating of individual bus is considered followed by EHC. Secondly the reconfigured IEEE-33 bus distribution system with CHC and EHC are analysed. For reconfiguration minimum loss in the network is taken as the major constraint optimised using PSO. Further for analysing CHC and EHC, proposed HVL and LVL violation followed by ampacity and THD are the major governing criteria. The entire analysis is tested in MATLAB and validated using Typhoon HIL. 
A. CASE-1: ANALYSIS FOR CALCULATED HOSTING CAPACITY 1) STANDARD NETWORK
In base configuration CHC is tested at each of the buses in IEEE 33 bus distribution system as in Figure 6 and power is injected to the individual buses according to the HC rating of the buses. The CHC at some of the buses are tabulated as in table 1 since at these buses there is change in HC with the change in power factor (p.f.). For other buses, the HC remains unaltered with the change in p.f.
The corresponding voltage profile with CHC at different p.f. conditions is represented as in Figure 7 .
Thus it can be inferred for table 1 and Figure 7 that the improvement in p.f causes enhancement in HC but the voltage profile remains unaltered.
2) RECONFIGURED NETWORK
The reconfiguration being achieved through loss minimization as the objective function using PSO with input constraints as per subsection 1 under section VII. The convergence of PSO for loss minimization with a single source in IEEE-33 bus system is resulted as in Figure 8 . The plot in Figure 8 represents the convergence towards the optimal solution with progressive iteration. The CHC is tested on the reconfigured IEEE 33 bus distribution system. In Figure 9 it is found that losses are reduced significantly in the reconfigured network compared to the base configuration, which is in accordance with Figure 8 . The reconfigured IEEE 33 bus distribution system is represented in Figure 10 .
The CHC is tested on the reconfigured IEEE 33 bus distribution system at different p.f. conditions and is tabulated as in table 2. By comparing results from table 1 and table 2 , it can be concluded that, for the p.fs. 0.8, 0.85, and 0.9, the increment in CHC is 585.07 Watts, 816.722 Watts, and 1.131 kW respectively.
The corresponding voltage profile for CHC in base and reconfigured network is as in Figure 10 with the proposed HVL and LVL constraints. It is observed that for reconfigured network the voltage profile is improved compared to base configuration. Further, the dip in the voltage profile for base configuration is found to be lower than the allowable LVL limit. Appliances that use motor for its working may get overheated due to the low voltage, as the current will increase to meet the constant load. This increase in voltage may damage the insulation.
B. CASE-2: ANALYSIS FOR ENHANCED HOSTING CAPACITY
To increase the HC capacity above the CHC, EHC is analyzed following the steps proposed in Figure 5 . The analysis has been tested on reconfigured IEEE 33 bus distribution system and has been also compared with based network configuration. To achieve EHC, proposed HVL and LVL as in (16) and (17) are taken as the major constraints followed by ampacity. The EHC of the network at different buses has been obtained using the proposed flowchart as in Figure 5 . The possible EHC through DERs in the various nodes are tabulated in table 3.
According to the tabulated values as in table 3, with the additional power injection i.e., EHC, the voltage profile remains within the limits as in Figure 12 . This confirms that the EHC is safe and the reconfigured network can process the incremental power without any violation of voltage constraints.
On comparing the voltage profile with EHC for base and reconfigured network as in Figure 13 , it observed that the voltage profile in case of the base configuration is exceeding the HVL and is persistent above the voltage profile of the reconfigured network. This may lead to more stress on the insulation compared to that of the reconfigured network. On the contrary, in the reconfigured network the voltage profile is flat. Due to the relatively flat nature of the voltage profile on-load tap changer (OLTC) will not be stressed.
Ampacity of the network is another important constraint to be considered in the distribution side. On testing the ampacity conditions with EHC on the reconfigured IEEE 33 bus distribution system, it is observed that the current in most of the branches are comparable to the base configuration with CHC. In some of the cases, the currents in the EHC condition are even lower than CHC with base configuration as in Figure 14 . This shows the effectiveness of the proposed technique; where obtained branch currents are much below the ampacity limit leading to even loss minimization.
The entire analysis is finally concluded with the improvement of HC which can be well observed from Figure 15 . It is found that the EHC is about 10.828 MW as compared to 4.0658 MW in base configuration, which is 166% increase in the hosting capacity.
On comparison with other literature as in [17] , it is found that power injection is done at some of the specific nodes. In case-A, total power 8484 kW is injected at bus 2 (7624kW), bus 19 (90kW) and bus 20 (770kW) respectively. In case-B total power 8484kW is being feed at bus 2. In both the cases voltage lower than that of the rated voltage can be observed at some of the nodes as in Figure 16 . On contrary, when EHC is considered according to table 3 at all the buses the voltage profile get improved.
Unlike injecting at some of the specific buses, the positive aspects of connecting SPV to all the nodes are listed below:
i. As the energy sources are not lumped at some specific node, the reliability of the system is increased. ii. Most of the DERs used in the distribution system are of photo-voltaic in nature, which is inherently affected by partial shedding. As all the nodes are connected with the SPV the partial shedding at a specific area will not adversely affect the power injection by the solar plants. iii. The distributed generation will help the consumers to actively involve in the power generation, which will directly reduce the energy bill. iv. In addition to it the percentage power loss decreases in this method. 
IX. REAL-TIME VALIDATION USING TYPHOON HIL
The proposed hosting capacity enhancement technique is tested in the real-time platform. Unlike the offline simulation where actual dynamics of the system are not being considered, real-time emulation is exceptional to that. Real time emulation allows visualization of the actual dynamics under practical scenario. To analyze the efficacy of the proposed hosting capacity strategy Typhoon HIL 604 FPGA based 8 core hardware in loop digital emulator is used. The experimental setup is as shown in Figure 17 .
To run the simulation in real-time the cores of the emulator needs to be divided according to the system under observation as indicated in Figure 17 . The real-time implementation of EHC according to the proposed logic as in Figure 5 is done in the setup shown in Figure 17 and the results in Figure 18 and Figure 19 respectively. From Figure 12 and Figure 18 it can be observed that the two plots are not superimposing on each other. The main cause of this variation is the harmonics that are generating due to the firing of the converters in the plant at each node. From (20) , it can be clearly inferred that frequency is a function of HC and as in the hardware in loop setup realtime dynamics are considered, so deviation in the voltage is unavoidable, unlike offline simulation.
The HIL results in Figure 18 shows that proposed injection is not deteriorating the power system parameters as the voltage is within the limit, which shows the efficacy of the As THD is one of the constraints in the above analysis, the THD values are also validated in the HIL. The IEEE Std. 519 clearly states the allowable harmonic limit at PCC is dependent on the voltage rating as well as on the short circuit ratio. The THD values at all the buses are found to be within the limit according to IEEE Std. 519, which is clearly indicating the potency of the proposed method as in Figure 5 . The harmonics calculation according to IEEE Std. 519 for 12.66 kV voltage level considering the short-circuit ratio at foresaid PCC is15%, but from Figure 19 the maximum value is calculated to be 8.5% for node 32,which is well below the allowable limit.
X. CONCLUSION
Increasing the hosting capacity of the existing network is very essential as the demand for the electric power is an exponentially increasing function with time. In this paper, EHC is proposed by network reconfiguration with optimal injection at every node. Injection at every node is significant to enhance the source availability and reliability, decrease in percentage power loss, active involvement of the prosumer to participate in power generation leading to reduction in energy charges. To obtain EHC, ampacity violation, HVL, LVL and THD are the governing criteria. Through the proposed method the voltage profile at each node is improved significantly with sustained low line current. The IEEE 33 bus distribution system is tested both in balanced and unbalanced loading conditions through MATLAB and has been validated with real-time platform using Typhoon hardware in loop to showcase its efficacy. 
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